Expression of the opioid receptor (MOR1) protein is regulated temporally and spatially. Although transcription of its gene has been studied extensively, regulation of MOR1 protein production at the level of translation is poorly understood. Using reporter assays, we found that the MOR1 3-untranslated region (UTR) represses reporter expression at the post-transcriptional level. Suppression by the 3-UTR of MOR1 is mediated through decreased mRNA association with polysomes, which requires microRNA23b (miRNA23b), a specific miRNA that is expressed in mouse brain and NS20Y mouse neuroblastoma cells. miRNA23b interacts with the MOR1 3-UTR via a K box motif. By knocking down endogenous miRNA23b in NS20Y cells, we confirmed that miRNA23b inhibits MOR1 protein expression in vivo. This is the first study reporting a translationally repressive role for the MOR1 3-UTR. We propose a mechanism in which miRNA23b blocks the association of MOR1 mRNA with polysomes, thereby arresting its translation and suppressing the production of MOR1 protein. 
Opioid analgesics are used widely for treatment of moderate to severe pain. Their efficacy is the result of their ability to mimic endogenous opioid peptides on the opioid receptors. Currently, three major types of opioid receptors have been cloned: (mu), ␦ (delta), and (kappa), all of which belong to the G protein-coupled receptor superfamily (1) . opioid receptor (MOR) is the major molecular target of opioid drugs, and its expression is regulated temporally and spatially (2) .
Since the cloning of the mouse MOR gene in 1994 (3), extensive efforts have been made to clarify the mechanism underlying its regulation. Numerous studies have identified multiple cis-acting elements within its promoter and 5Ј-untranslated region (UTR) (4 -13) . In contrast, current research on the role of the MOR 3Ј-UTR has been limited. The major transcript of the mouse MOR gene, MOR1 (composed of exons 1, 2, 3, and 4) has the full capacity to produce MOR protein. We previously have identified a major transcript of MOR1 and its 3Ј-UTR transcribed contiguously from the coding region. Northern blot and 3Ј rapid amplification of cDNA ends (RACE) results revealed that the 3Ј-UTR uses a single poly(A) sequence located 10,179 bp downstream from the stop codon (14) , an observation corroborated by another group's study on the C57BL/6By mouse strain (15) . Human MOR1 3Ј-UTR also uses a single poly(A) signal located 13,612-13,617 nucleotides downstream from the stop codon (16) . This long 3Ј-UTR of MOR1 is of great interest because of its potential for involvement in complex regulatory events.
The 3Ј-UTR is the portion of the mRNA downstream from the stop codon that is not translated into protein.
There is increasing evidence that this region can play a major role in regulating gene expression, especially at the post-transcriptional level. The 3Ј-UTR has multiple functions: altering the stability of mRNA in certain genes (17, 18) , influencing translational efficiency and associated signaling events (19) , and controlling mRNA transport, cell growth, and differentiation (20) . There is some evidence indicating that the 3Ј-UTR functions in opioid receptor expression. Decreased levels of MOR were observed in CXBK-recombinant inbred mice, which possess an abnormally long 3Ј-UTR (21) . The 3Ј splicing variants of the MOR gene seem to modulate the production of opioid analgesic (22) . Similarly, both the 5Ј-and 3Ј-UTRs of the opioid receptor are regulated at the level of mRNA splicing/processing and could affect mRNA transport (23) (24) (25) (26) . In the present study, we cloned the full-length MOR1 3Ј-UTR into a luciferase reporter construct driven by the 1.3-kb MOR promoter. This construct was used to examine the function of the MOR1 3Ј-UTR, which revealed strongly repressive activity, primarily at the level of translation.
Using a UTRscan program (http://bighost.ba.itb. cnr.it/BIG/UTRScan), we predicted the presence of two cis-acting elements in the 3Ј-UTR: K box and Brd box. In opioid receptor genes, most of the reported cis-acting elements bind to proteins. In contrast, K box and Brd box usually bind to microRNAs (miRNAs) and exert repression primarily at the post-transcriptional level (27, 28) . In Drosophila, K box and Brd box interact with miRNAs that have complementary nucleotides in their 5Ј end (i.e., the "seed" region) and regulate the expression of the Notch gene (27, 28) .
miRNAs are a large family of short, single-stranded, noncoding regulatory RNAs that control target gene expression by binding to their complementary mRNA sequences in the 3Ј-UTRs. In the expanding miRNA family, miRNA23b has been cloned from mouse brain cortex and hippocampus (29, 30) , and its seed region is conserved in various species (31) . In P19 cells, miRNA23b targets the Hairy/enhancer of split protein (Hes1), a basic helix-loop-helix transcriptional repressor functioning in neuronal differentiation (32) . Microarray studies have demonstrated alteration of miRNA23b expression in diseases (33) (34) (35) , indicating an important regulatory role.
Despite intensive efforts to elucidate the function of the promoter and 5Ј-UTR of the MOR gene, the role of its 3Ј-UTR has not yet been revealed. The goal of our study is 2-fold: to define the function of the MOR1 3Ј-UTR and to examine the mechanism by which the 3Ј-UTR mediates the post-transcriptional regulation of MOR1.
MATERIALS AND METHODS
Cell culture, transient transfection, and luciferase reporter assay NS20Y mouse neuroblastoma cells and COS-1 monkey kidney cells were grown in advanced Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) with 5% heatinactivated fetal bovine serum in an atmosphere of 10% CO 2 at 37°C. NMB human neuroblastoma cells were cultured in advanced RPMI 1640 (Invitrogen) supplemented with 5% fetal bovine serum in an atmosphere of 5% CO 2 .
For all transfections (except those including miRNA23b plasmid or anti-miR primer), cells were plated 24 h before transfection at a density of 1.1 ϫ 10 5 cells/well in 6-well plates and transfected using Effectene Transfection Reagent (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. pCH110 plasmid (100 ng; Amersham, Piscataway, NJ, USA) encoding the ␤-galactosidase gene was included for normalization. Transfections including a miRNA23b expression plasmid (Pmir23b or Pmir23bm) or anti-23b or anti-miR negative control primer (Ambion, Austin, TX, USA) were performed using Lipofectamine 2000 (Invitrogen). Cells were plated at a density of 0.5 ϫ 10 5 cells/well in 24-well plates 24 h before transfection; 0.5 ng of Renilla luciferase plasmid pCMV-Rluc (gift from Dr. Yan Zeng, University of Minnesota, Minneapolis, MN, USA) was included for normalization.
Forty-eight hours after transfection, the firefly luciferase, Renilla luciferase, and ␤-galactosidase activities were determined by luminometer (Berthold, Oak Ridge, TN, USA) using Luciferase Assay or Dual-Luciferase Reporter Assay systems (Promega, Madison, WI, USA) according to the manufacturer's protocol. Plasmid pcDNA3 (Invitrogen) was added to equalize the total amount transfected in each sample. All reporter plasmid amounts were adjusted according to their sizes to ensure that the same molar amount of DNA molecules was added to each transfection.
Plasmid construction
Genomic DNA from mouse brain (C57BL/6J strain) was used as a template for polymerase chain reaction (PCR) to obtain the MOR1 3Ј-UTR DNA region. The PCR product first was cloned into a Topo vector and subsequently into a luciferase reporter pL1.33N driven by the MOR promoter, generating the pMUTR plasmid. The MOR1 poly(A) signal (extending from 200 bp upstream to 100 bp downstream from the hexanucleotide sequence AATAAA) was cloned into the pL1.33N plasmid, generating the pMPA plasmid. pSVUTR and pSVPA plasmids were constructed by replacing the promoter regions of pMUTR and pMPA, respectively, with simian virus 40 (SV40) promoter cleaved from pGL3 promoter (Promega). pMUTRD1 and pMUTRD2 plasmids were produced by deleting the region between the FseI and PacI restriction enzyme sites and PacI and PmeI sites of pMUTR, respectively.
The K box and Brd box mutation plasmids were generated using the PCR-based site-directed mutagenesis kit (Stratagene, Cedar Creek, TX, USA) according to the manufacturer's protocol. The Pmir23b plasmid was generated by inserting the miRNA23b genomic sequence into the BglII and XhoI sites of psuper plasmid (generous gift of Dr. Yan Zeng). The Pmir23bm plasmid was generated by mutating the seed region (ϩ1 to ϩ6) of miRNA23b and its complementary region in the stem-loop structure of the miRNA23b precursor. The sequences of all plasmids were confirmed by restriction enzyme digestion and DNA sequence analysis. For details of the cloning and PCR primers, please refer to Supplemental Material 1.
PCR, one-step reverse transcriptase-PCR (RT-PCR), and real-time quantitative PCR (qPCR) and qRT-PCR
Cells were plated at a density of 1.1 ϫ 10 5 cells/well in 6-well plates 24 h before transfection. DNA and total RNA were isolated using TRI reagent (Molecular Research Center, Cincinnati, OH, USA). mRNA was isolated from total RNA using MicroPoly(A) Purist (Ambion). Nuclear and cytoplasmic RNA were extracted as described previously (36) . RNA was treated with Turbo DNase I (2 U/g of RNA) (Ambion) before being reverse-transcribed. Primers used in PCR, one-step RT-PCR, and real-time qPCR were as follows: luciferase: 5Ј-GAAACTGACGGAGCCTAGG-3Ј (sense) and 5Ј-CCACCTCGATATGTGCATCTG-3Ј (antisense); mouse ␤-actin: 5Ј-TGGCCTTAGGGTGCAGGGGG-3Ј (sense) and 5Ј-GTGGGCCGCTCTAGGCACCA-3Ј (antisense); and MOR1: 5Ј-CATCAAAGCACTGATCACGATTCC-3Ј (sense) and 5Ј-TAGGGCAATGGAGCAGTTTCTGC-3Ј (antisense). PCR conditions were as follows: 94°C for 2 min; 25 cycles (for luciferase) or 20 cycles (for ␤-actin) of 94°C for 1 min and 55°C for 1 min; and 72°C for 10 min. One-step RT-PCR conditions were 50°C for 30 min; 95°C for 15 min, 30 cycles (for MOR1), 25 cycles (for luciferase), or 20 cycles (for ␤-actin) of 94°C for 1 min and 55°C for 1 min; and 72°C for 10 min. The linear range of PCR cycles for each gene was determined using relative PCR, and cycle numbers for PCR and RT-PCR were optimized according to the results. PCR and one-step RT-PCR were performed using a GeneAmp PCR System 9600 (PerkinElmer Life and Analytical Sciences, Boston, MA, USA) using Taq polymerase (New England Biolabs, Ipswich, MA, USA) and the OneStep RT-PCR Kit (Qiagen), respectively.
Real-time qPCR and qRT-PCR for the luciferase gene were performed using a QuantiTect SYBR Green RT-PCR kit (Qiagen, Piscataway, NJ, USA). For miRNA23b, RNA was extracted using a mirVana miRNA Isolation Kit (Ambion). Reverse transcription was performed using the TaqMan miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). One-tenth of the reverse transcription mix was used for real-time qPCR using an iQ supermix kit (Bio-Rad Laboratories, Oakland, CA, USA). The mirVana qRT-PCR Primer Set for Normalization (5S) (Ambion) was included as an internal control. Real-time qPCR and qRT-PCR were both performed on an iCycler (Bio-Rad Laboratories), and the relative expression levels were calculated as described previously (37) . ␤-Actin and 5S RNA were included for normalization. All PCR products were electrophoresed in 1 or 2% agarose gels, quantified by ImageQuant 5.2 (Amersham Biosciences Corp., Piscataway, NJ, USA), and verified by DNA sequence analysis.
Immunoprecipitation and Western blot
For Western blots, cells were plated at a density of 1.1 ϫ 10 5 cells/well in a 6-well plate 24 h before transfection. Proteins from two wells were extracted, pooled, and lysed in radioimmunoprecipitation assay buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS. For immunoprecipitation, 5 ϫ 10 5 cells per dish were plated the day before transfection. The cells from two 10-cm dishes were lysed in a buffer containing 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 1% Nonidet P-40, and 2 mM EDTA, supplemented with 1ϫ Complete Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN, USA), as described in the Abcam protocol (Abcam, Cambridge, MA, USA). Approximately 1 mg of the clarified cell lysate was incubated overnight at 4°C with affinity-purified rabbit anti-MOR1 antibody (produced in our laboratory, information available on request). Immunoprecipitates were recovered on protein G-agarose beads (Invitrogen) and washed extensively. Proteins were separated on an 8% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane (Amersham Biosciences Corp.). Membranes were incubated with anti-luciferase, anti-galactosidase, anti-␤-actin (Cell Signaling Technology, Danvers, MA, USA), or anti-MOR1 antibodies (kindly provided by Dr. Lee-Yuan Liu-Chen, Temple University, Philadelphia, PA, USA) diluted 1:1000. Signals were detected using a Storm 840 PhosphorImager system (Amersham Biosciences Corp.) and quantified by ImageQuant 5.2.
Polysome mRNA extraction and polysome profile by sucrose gradient analysis
Polysome mRNA extraction was performed as described previously (38) . Briefly, NS20Y cell extracts were layered onto polysomal buffer (10 mM N-morpholino propanesulfonic acid, 250 mM NaCl, 2.5 mM MgOAc, 0.5% Nonidet P-40, 200 U/ml RNase inhibitor, and 50 g/ml cycloheximide). The polysomes were collected by ultracentrifugation at 45,000 g for 1 h. Polysome mRNA was isolated from pellets with TRI reagent (Molecular Research Center, Cincinnati, OH, USA) following the manufacturer's instructions. For sucrose gradient analysis, polysomes were isolated as described previously (19) with modifications. NS20Y cells were washed with PBS containing 0.01% cycloheximide and harvested into 1 ml of lysis buffer [20 mM Tris-HCl (pH 8), 140 mM KCl, 1.5 mM MgCl 2 , 1% Triton X-100, 0.5 mM dithiothreitol, 0.1 mg/ml cycloheximide, and 1 mg/ml heparin). Intact nuclei and mitochondria were removed by centrifugation, and the supernatant was loaded onto 10 -50% linear sucrose gradients. The gradients were centrifuged in an SW41 rotor at 35,000 rpm for 3 h at 4°C. Fourteen fractions (0.85 ml each) were collected from the top (fraction 1) to the bottom (fraction 14) and extracted with phenol-chloroform. The RNA was precipitated and analyzed by RT-PCR. Absorbance at 260 nm was monitored to identify fractions containing monosomes and polysomes.
Statistics
Data are presented as means Ϯ se. Comparisons between groups were performed using the Student's t test. P Ͻ 0.05 was taken as significant.
RESULTS

MOR1 3-UTR represses reporter expression
The MOR1 3Ј-UTR is encoded in a contiguous DNA segment extending from the end of the coding region and uses a single polyadenylation signal located 10,179 bp downstream from the MOR1 stop codon (14) . To elucidate its function, we constructed the pMUTR plasmid by cloning the full length MOR1 3Ј-UTR into a luciferase reporter (pL1.33N) driven by the 1.33-kb MOR promoter. We also constructed the pMPA plasmid, which contains the same MOR1 poly(A) signal, but lacks the 9829-bp sequence upstream of the poly(A) signal in the MOR1 3Ј-UTR (Fig. 1A) . In NS20Y cells, pMUTR generated significantly less luciferase activity than did pMPA (Fig. 1B) . Considering their different sizes (17 kb for pMUTR vs. 7 kb for pMPA), the transfection amounts of both constructs were adjusted to ensure that the same molar quantities of DNA were transfected (e.g., 500 ng of pMUTR vs. 200 ng of pMPA). The transfection efficiencies of the two plasmids were similar, as confirmed by their galactosidase activity and PCR experiments that amplified the luciferase DNA recovered from transfected cells (data not shown). That is, the difference in luciferase activity was not the result of different transfection efficiencies. Western blots showed that cells transfected with the pMUTR plasmid had significantly lower levels of luciferase protein than did those transfected with pMPA (Fig. 1C) . ␤-Actin and galactosidase protein levels were comparable in both samples, as well as in cells mocktransfected with pcDNA3 (control), confirming similar transfection efficiencies and loaded sample amounts.
MOR1 3-UTR inhibits the polysome-mRNA association
3Ј-UTRs affect mRNA stability, mRNA transport, translation efficiency, and so on (39) . We systematically examined how the MOR1 3Ј-UTR affects cellular events, including those occurring transcriptionally and post-transcriptionally. A comparison of pMUTR-and pMPA-transfected samples showed that the MOR1 3Ј-UTR had no effect on the levels of the reporter mRNA produced ( Fig. 2A) , suggesting that the MOR1 3Ј-UTR probably acts post-transcriptionally. Likewise, there was no difference in the ratio of nuclear to cytoplasmic RNA between the two transfects (Fig. 2B) , indicating that the MOR1 3Ј-UTR does not impair transport of reporter RNA from the nuclei.
The distribution of mRNA between ribosome-free and polysome-bound fractions has been used to determine translational control of a given mRNA. This can be done because translational control takes place mainly at the initiation step (40) , and, thus, ribosome loading of a transcript is a robust indicator for translation efficiency (41) . One analysis measures the ratio of polysome-bound mRNA to total mRNA, which corresponds to the translation efficiency (38) . Another approach assesses the sedimentation of mRNAs in the sucrose density gradients. The presence of mRNAs in the heavier fractions (bound with more ribosomes) indicates higher efficiency in protein synthesis (42) .
In our experiment, the translation efficiencies of pMUTR and pMPA were compared by their ratio of polysome-bound to total mRNA. Cytoplasmic lysates from transfected NS20Y cells were centrifuged, and the mRNA was extracted from the pellets (polysome fraction). Although the total reporter mRNA levels were similar between two transfects ( Fig. 2A) , there was a dramatic decrease in polysome-bound luciferase mRNA in pMUTR-transfected cells, relative to that of pMPAtransfected cells (Fig. 2C ). This finding was confirmed by real-time qRT-PCR (Fig. 2D) . Deleting a 5-or 3-kb region of the MOR1 3Ј-UTR partially restored the 2), and 500 ng of pcDNA3 (lane 3; mock transfection); 200 ng of mRNA from each sample was used for RT-PCR. Graph shows the intensity of the normalized luciferase signal (luciferase/␤-actin), relative to that of pMUTR (control). n ϭ 2. B) Distribution of luciferase RNA between nuclear and cytoplasmic fractions from transfected NS20Y cells. RNA (1 g) from nuclear (Nuc) and cytoplasmic (Cyto) fractions was used for RT-PCR. Graph shows the ratio of cytoplasmic luciferase to nuclear luciferase, normalized against ␤-actin. n ϭ 2. C) Polysomal mRNA levels in transfected NS20Y cells. Polysome mRNA was extracted from NS20Y cells transfected with 1 g of pMUTR, 0.4 g of pMPA, or 1 g of pcDNA3 (Mock). Polysomal mRNA (1 g) was used for RT-PCR. Graph shows the intensity of luciferase, normalized against ␤-actin in each sample, relative to pMUTR (control). n ϭ 2. D) Luciferase polysomal mRNA levels analyzed by real-time qRT-PCR. Polysome mRNA (1 g) from each sample was used as a template for real-time qRT-PCR. The relative expression level of luciferase was calculated using the comparative threshold cycle method after normalization against ␤-actin as an internal control. Bar graph shows the expression level of each sample relative to that of pMUTR. n ϭ 2. *P Ͻ 0.05; **P Ͻ 0.01; # P Ͼ 0.05. suppression of both reporter activity and polysomal mRNA levels (Supplemental Fig. S1 ). Taken together, these data show that MOR1 3Ј-UTR represses reporter expression primarily by inhibiting mRNA association with polysomes, thereby decreasing translation efficiency.
K box1 is a negative cis-acting element in the MOR1 3-UTR
Although 3Ј-UTR is less conserved across species than protein-coding regions, highly conserved nucleotide blocks have been detected in the 3Ј-UTRs of orthologous genes from different mammalian orders (43) . Increasingly, studies report regulatory elements in 3Ј-UTRs, such as AU-rich elements that promote mRNA degradation (44) or small motifs base-pairing with small RNAs to suppress translation (45) . We therefore sought to identify regulatory elements in the MOR1 3Ј-UTR. The online program UTRscan predicted some putative cis-acting elements (Fig. 3A) : two K boxes (K box1 at 3805-3812 bp and K box2 at 8276 -8283 bp downstream from the stop codon) and one Brd box (2559 -2265 bp downstream from the stop codon). To validate these putative elements, we performed clustered point mutations on each ( Fig. 3B ; only K box1 mutation is shown). Reporter assays were performed comparing each mutant construct with its wild-type plasmid in NS20Y cells. Only the mutation on K box1 increased reporter activity ( Fig. 3C ; Brd box and K box2, data not shown). Although K box2 shares the same seed sequence as K box1, its mutation failed to affect reporter activity.
miRNA23b interacts with the MOR1 3-UTR
In Drosophila, K box interacts with miRNA2 and miRNA16, both of which have seed sequences complementary to K box (28) . miRNA23b has a seed sequence homologous to those of miRNA2 and miRNA16 in Drosophila and has been cloned from mouse brain (32) .
To determine whether miRNA23b interacts with the MOR1 3Ј-UTR through a K box motif, we first confirmed the expression of endogenous miRNA23b in NS20Y cells and mouse brain (Supplemental Fig. S2A ):
The miRNA expression plasmid Pmir23b increased miRNA23b levels in NS20Y cells in a dose-dependent manner (Supplemental Fig. S2B ). When cotransfected with pMUTR, Pmir23b induced a sharp decrease in reporter activity (Fig. 4A) , even at a minimal dose (10 ng) that only slightly increased the miRNA23b level in NS20Y cells (Supplemental Fig. S2B ). However, the deletion of the MOR1 3Ј-UTR in pMPA totally abolished the effect induced by Pmir23b (Fig. 4B) . These results show that the MOR1 3Ј-UTR is required for Pmir23b to suppress reporter activity. Although K box1 and K box2 share an identical seed region, only K box1 functions in the mutation assay. Two partial deletion plasmids lacking K box1 and K box2 (pMUTRD1 and pMUTRD2, respectively) act differently in response to Pmir23b. Deleting the sequence containing K box1 abolished the Pmir23b-induced suppression of reporter activity (Fig. 4C) . In contrast, deleting K box2 did not alter the effect of Pmir23b (Fig. 4D) . These data support the observation that K box1, but not K box2, is a functional regulatory element.
We also mutated the seed sequence in the Pmir23b plasmid responsible for binding to the K box (i.e., the Pmir23bm plasmid). Mutation of the seed sequence attenuates the repression effect (Fig. 4E) . At the minimal amount (i.e., 10 ng), Pmir23b down-regulated reporter activity more than 50%, but Pmir23bm had no significant effect.
miRNA23b interacts with K box1 to decrease the polysome mRNA association rate
To determine the mechanism of interaction between miRNA23b and K box, we examined reporter RNA levels after Pmir23b transfection. Total luciferase RNA levels remained the same after the transfection (Fig. 5A) , suggesting that miRNA23b is not likely to repress reporter A) The predicted cis-acting elements in the MOR1 3Ј-UTR: S, Brd box; u, K boxes. Arrows show the restriction enzyme sites in the 3Ј-UTR. B) Structure of the pMUTRD2 and pMUTRKm plasmids: Ⅺ, MOR promoter; f, luciferase cDNA; u, K box1; o, K box1 mutation, --, MOR1 3Ј-UTR. The pMUTRD2 plasmid was constructed by deleting the region between PacI and PmeI sites of the MOR1 3Ј-UTR in pMUTR. The pMUTRKm plasmid was constructed by mutating the 6-nucleotide sequence (K box1) TGTGAT to CTCAGG using pMUTRD2 plasmid as the template. C) Effect of K box1 mutation. Reporter assays were performed in NS20Y cells in triplicate. The activity of each reporter was compared relative to that of pMUTRD2. *P Ͻ 0.05. expression by inducing RNA degradation. In contrast, Pmir23b decreased luciferase polysomal mRNA levels to about half those of control transfections (Fig. 5B) ; its mutation plasmid, Pmir23bm did not induce a significant change. This suggested that miRNA23b specifically decreased the association of mRNA with polysomes in reporters containing MOR1 3Ј-UTR. On the other hand, mutating K box1 (pMUTRKm) abolished the Pmir23b-induced decrease in polysome mRNA association. Pmir23b also reduced the polysomal mRNA in pMUTRD2 (Fig. 5C ), but when the K box1 was mutated, this down-regulation was abolished (Fig. 5D) . RT-PCR analysis of luciferase polysome mRNA levels was confirmed by real-time qRT-PCR (Fig. 5E) .
Sucrose gradient experiments were performed to provide a detailed view of mRNA in different ribosomal fractions. Pmir23b, but not Pmir23bm, shifted the MOR1 3Ј-UTR reporter (pMUTR) mRNA out of the heaviest polysome fraction (Fig. 6B, lane 7) , confirming that a reduction in polysomal mRNA association was induced specifically by miRNA23b. Taken together, these data show that a specific interaction between miRNA23b and the K box1 in the MOR1 3Ј-UTR decreases the association of mRNA with polysomes, leading to suppressed translation. Figure 5 . miRNA23b decreases polysomal reporter mRNA levels in NS20Y cells. A) Pmir23b does not affect the total luciferase RNA levels. pMUTR (1 g) was transfected alone (Ϫ) or cotransfected with 100 ng of Pmir23b into NS20Y cells. RNA (1 g) from each sample was used for RT-PCR. Graph shows the intensity of the luciferase signal (normalized against ␤-actin) relative to that of pMUTR. n ϭ 2. B) Pmir23b decreases the level of luciferase polysome mRNA of pMUTR. pMUTR (2 g) was transfected alone (Ϫ), or cotransfected with 100 ng Pmir23b or 100 ng Pmir23bm into NS20Y cells. Polysome mRNA (2 g) from each sample was used for RT-PCR. Graph shows the intensity of the luciferase signal (normalized against ␤-actin) relative to that of pMUTR. n ϭ 2. C) Pmir23b decreases the luciferase mRNA levels in pMUTRD2. pMUTRD2 (1.6 g) was transfected alone (Ϫ) or cotransfected with 100 ng of Pmir23b into NS20Y cells. n ϭ 2. D) K box mutation abolishes the effect of Pmir23b. pMUTRKm (1.6 g) was transfected alone (Ϫ) or cotransfected with 100 ng of Pmir23b into NS20Y cells. n ϭ 2. Assays were performed in triplicate. The intensity of the firefly luciferase signal was normalized against that of Renilla luciferase (internal control). n ϭ 2. E) The effect of Pmir23bm on pMUTR. The seed sequence in Pmir23b was mutated in Pmir23bm plasmid. pMUTR (500 ng) was cotransfected with 0, 10, or 25 ng of Pmir23bm into NS20Y cells. Reporter assays were performed as described above. n ϭ 2. *P Ͻ 0.05; # P Ͼ 0.05.
miRNA23b regulates endogenous MOR1 protein expression
Finally, we determined whether miRNA23b affects endogenous MOR1 protein production. Because NS20Y is a weak MOR-positive cell line, we used the histone deacetylase inhibitor trichostatin A (TSA) to stimulate its global transcription, thereby enhancing endogenous MOR1 RNA levels (Fig. 7A) . Nevertheless, MOR1 protein expression was still undetectable (Fig. 7C, lane 2) . We confirmed that anti-23b primer decreased endogenous miRNA23b expression in NS20Y cells (Fig. 7B) . Anti-23b was introduced into the cells pretreated with TSA. Immunoprecipitations followed by Western blots were performed 24 h after transfection. Knocking down miRNA23b alleviated the repression of MOR1 and significantly increased the level of MOR1 protein detected (Fig. 7C, lane 4) . This result supports the role of miRNA23b in regulating MOR1 expression in vivo.
DISCUSSION
Post-transcriptional regulation mediated by the 3Ј-UTR is an important part of gene regulation. The 3Ј-UTR is not under rigid structural constraints to accommodate transcriptional and translational machinery, rendering it highly versatile in regulating gene expression. The revolutionary expansion of 3Ј-UTRs suggests that they have substantial potential for transcriptional and translational control in higher vertebrates (46) . The 3Ј-UTR can control various aspects of mRNA, including nuclear transport, polyadenylation status, subcellular targeting, Figure 7 . miRNA23b inhibits endogenous MOR1 protein expression in NS20Y cells. A) TSA treatment increases MOR1 RNA levels in NS20Y cells. TSA (500 nM) was added to NS20Y cells 4 h after plating. RNA was extracted 0, 24, or 48 h after TSA treatment. RNA (1 g) was used for RT-PCR. Graph shows MOR1 expression levels in each sample relative to lane 1. n ϭ 2. B) Anti-23b primer knocks down the endogenous miRNA23b expression in NS20Y cells. Anti-23b primer (0, 0.65, 2, or 6 nM) was transfected into NS20Y cells. miRNAenriched RNA was extracted 24 h after transfection. RNA (40 ng) was used for reverse transcription with miRNA23b and 5S RNA primers, followed by real-time qPCR. Graph shows miRNA23b levels, normalized to 5S RNA. n ϭ 2. C) Anti-23b increases endogenous MOR1 protein expression in NS20Y cells. NS20Y cells were pretreated with TSA for 24 h before transfection with anti-23b primer. Lane 1, no TSA treatment; lane 2, TSA treatment without anti-23b transfection; lane 3, TSA treatment with 0.65 nM anti-23b; lane 4, TSA treatment with 2 nM anti-23b. Anti-miR (negative control) was added to transfectants in lanes 2 and 3 (2 and 1.35 nM, respectively) to equalize the total transfection concentration to 2 nM. Western blots of immunoprecipitates were probed with antibodies specific to MOR1 and ␤-actin. Graph shows the normalized level of MOR1 protein (MOR1/␤-actin) relative to the levels in lane 2. n ϭ 2. *P Ͻ 0.05; **P Ͻ 0.01; # P Ͼ 0.05. translation efficiency, and degradation rate (17) . Studies on the 3Ј-UTR of the opioid receptor have been limited, partly due to the technical difficulty in identifying its 3Ј-UTR(s). The recent sequencing of the 3Ј-UTR in mouse and human MOR genes makes it possible to begin addressing the functional role of the MOR 3Ј-UTR (14 -16, 47) . In this study, we constructed a firefly luciferase reporter containing the full-length MOR1 3Ј-UTR (ϳ10 kb) including its poly(A) signal. The construct is driven by a MOR promoter, which retains any possible interaction between the MOR1 promoter, the 5Ј-UTR, and the 3Ј-UTR. Because the 3Ј end of MOR1 [i.e., the 400 bp containing the poly(A) signal] shows a distinct preference for its own promoter (14), we also examined whether the MOR promoter is involved in the function of the 3Ј-UTR. A stable decrease in luciferase activity was observed in the reporter containing the MOR1 3Ј-UTR; the same effect was seen when the MOR promoter was replaced with an SV40 promoter (Supplemental Fig. S3A ) or in other cell lines such as human NMB cells and monkey COS-1 cells (Supplemental Fig. S3B, C) . Overall, the results demonstrate a repressive role of the MOR1 3Ј-UTR, independent of promoter and cellular background.
The function of 3Ј-UTRs can be interpreted largely by the interaction between the cis-acting elements and their binding partners (e.g., proteins or small RNAs). For example, the AU-rich element (ARE), a well-defined sequence motif in 3Ј-UTRs, binds to a wide range of ARE-binding proteins to target mRNAs for fast degradation (48) . The first identified miRNA, lin-4, binds to a repeated sequence in the 3Ј-UTR of lin-14 mRNA and regulates its translation (49) . The function of long 3Ј-UTRs, such as the one found in MOR1, is more likely to be explained by the cooperative effect of their multiple cis-and trans-interactions.
To determine the mechanism of the MOR1 3Ј-UTR as a whole, we carefully compared the expression of two reporter constructs with regard to their total mRNA, subcellular distribution, and association with polysomes. The MOR1 3Ј-UTR induced a sharp decrease in polysome mRNA levels in the pMUTR construct, compared with those of the pMPA plasmid. Because no significant difference was observed between the constructs in their total mRNA, nuclear vs. cytoplasmic distribution, or RNA stability (data not shown), we concluded that the MOR1 3Ј-UTR represses reporter activity mainly by inhibiting the mRNA association with polysomes. Polysome mRNA levels have been used as an indicator of translation efficiency; more mRNA molecules in the actively translated polysome fraction correlate with higher translation efficiency (39, 46) . The 3Ј-UTR generally suppresses the polysome-mRNA association because of its complex secondary structure and interactions with trans-acting elements that inhibit the accessibility of mRNA to polysomes (50) . However, deletions within the MOR1 3Ј-UTR only partly restored both luciferase activity and polysomal mRNA levels. Therefore, neither a specific 3Ј-UTR region nor the general mRNA structure alone account for its function; it is likely that multiple cis-elements in the 3Ј-UTR have synergistic roles affecting the function of MOR1 3Ј-UTR.
Based on sequence homology, the UTRscan program predicted two putative cis-acting elements in the MOR1 3Ј-UTR. K box and Brd box are six-to seven-nucleotide motifs mostly seen in 3Ј-UTRs. They are considered too small to bind to proteins but have been shown to interact with miRNAs (28) . Cluster point mutations on the three predicted boxes (two K boxes and one Brd box) showed that only the mutation of K box1 increased reporter activity. Although K box2 shares the identical seed sequence with K box1, mutating it had no effect.
Although the seed region is critical to miRNA:mRNA base-pairing, its sequence alone does not guarantee interaction. Plant miRNAs are easier to identify because their sequences are near-perfect complements to their targets, and their targets are mostly in the coding region. In contrast, animal miRNAs form imperfect base pairs with their targets, which are predominantly in the 3Ј-UTR. Identification of animal miRNAs is complicated by the fact that their sequence is small (especially the seed region responsible for the base pairing); also, the interaction might be affected substantially by a protein complex, i.e., the interaction is probably not simple hybridization by optimal base pairing (51). It is therefore possible that miRNA access to the K box2 is blocked by nearby binding proteins or because of the general mRNA structure in the MOR1 3Ј-UTR.
Overexpression of miRNA23b in NS20Y cells induced by transfecting Pmir23b decreased reporter activity in a dose-dependent fashion, and this effect required the presence of the MOR1 3Ј-UTR. Mutating the seed sequence of miRNA23b significantly reduced the sensitivity of the pMUTR reporter. Decreased reporter activity was induced by Pmir23bm at higher doses (e.g., 25 ng), but this was probably due to the "off-target" effect of the miRNA expression plasmid. Although a nonsense mutation sequence (according to the current miRNA database) was carefully chosen, it is possible that the mutated sequence is homologous to some unknown miRNAs. It is believed that miRNAs comprise 1-3% of the genome (52) , and it is reasonable to expect that more miRNAs that can regulate the MOR1 3Ј-UTR will be identified in the future. Interestingly, we found that deleting the sequence containing K box1 (pMUTRD1) abolished the effect induced by Pmir23b, but eliminating K box2 retained the repressive effect of Pmir23b. This finding corroborates the mutation results showing that K box1, not K box2, is a functional element.
Mature miRNA molecules are partially complementary to one or more mRNAs, usually in the 3Ј-UTR; their main function is to down-regulate gene expression. When binding to 3Ј-UTR, the RNP complex RISC associated with miRNA usually inhibits polysomemRNA association or induces RNA degradation (53) . The difference between the two mechanisms can be distinguished by measuring alterations in RNA levels: Inhibition of polysome-mRNA association usually does not change the equilibrium RNA amount, but repression through RNA degradation appears as decreased RNA levels (54).
Pmir23b does not alter the equilibrium levels of total luciferase RNA when cotransfected with pMUTR. However, Pmir23b significantly decreased the polysomal luciferase mRNA levels, and the same mutation of its seed region that diminished its repression of reporter activity also attenuated its suppression on polysomal mRNA levels. In sucrose gradient experiments, Pmir23b promoted a shift of mRNA from the heavy to the light polysome fraction, relative to its mutated form (i.e., Pmir23bm). These results support the theory that a specific interaction between miRNA23b and the MOR1 3Ј-UTR suppresses gene expression by interfering with the association of mRNA with polysomes, thereby arresting translation of the reporter.
The miRNA target, K box1, also plays an important role in the interaction. In Drosophila, mutating the K box increases accumulation of its target mRNA transcript (27) . In the MOR1 3Ј-UTR, mutating the K box was likewise expected to interfere with miRNA23b function. Interestingly, in the luciferase assay, K box1 mutation failed to alter the response of the reporter to miRNA23b (data not shown). However, in experiments with polysomal mRNA, pMUTRD2 (with a wild-type K box1) showed decreased polysomal mRNA levels when cotransfected with Pmir23b, consistent with the results of the luciferase assay. When the K box1 in pMUTRD2 was mutated, Pmir23b failed to alter the association of the mRNA with the polysomes, indicating a disruption of the miRNA: mRNA interaction. The discrepancy between the results of the luciferase assay and the experiments on polysomal mRNA could be the outcome of multiple elements in MOR1 3Ј-UTR. Although the UTRscan program identified only three putative sites in the MOR1 3Ј-UTR, the database used is based on already identified cis-acting elements. It is reasonable to speculate that there are other, presently unknown, elements in this 10-kb region. The K box1 is therefore likely to be one among many elements, and its activity could represent just a fraction of the total effect of the MOR1 3Ј-UTR. Hence, although the mutation disrupted the interaction, its effect could be under the limits detectable by the reporter. In contrast, measurement of polysomal mRNAs provides a more direct means of detecting the interaction between miRNA23b and K box1, which is an event upstream of reporter activity. Also, the use of PCR in the polysome studies could have magnified the changes caused by the K box1 mutation.
NS20Y cells express little MOR1 protein and a very low level of MOR1 RNA. Treating cells with a 500 nM concentration of the histone deacetylase inhibitor TSA stimulates general transcription activity, including that of MOR1. However, TSA treatment had no effect on MOR1 protein levels, suggesting that repression of MOR1 expression in NS20Y cells occurs at both the transcriptional and translational levels. After TSA treatment, ample MOR1 RNA accumulated in NS20Y cells, but translation was repressed. Adding the anti-23b primer knocked down endogenous miRNA23b and released its repression of the MOR1 3Ј-UTR, thereby stimulating the translation of MOR1 mRNA. At a moderate concentration of anti-23b (2 nM), enhanced levels of MOR1 protein were detected. The anti-miR primer (negative control) was used to equalize the transfection primer amounts; it shares the same structure as anti-23b primer but has no sequence complementary to any known miRNAs. This excludes possible nonspecific effects induced by anti-miR primers.
Taken together, the findings of our study reveal an important role for the MOR1 3Ј-UTR in regulating expression of its gene, and to our knowledge, we report for the first time the involvement of a specific miRNA in regulating the expression of opioid receptors. In contrast with most studies focusing on MOR1 transcriptional regulation, in this study we address its 3Ј-UTR, a previously poorly understood regulatory region. Posttranscriptional regulation provides abundant regulation opportunities because of their distance from the rigidly constrained transcriptional machinery (17) . Recent studies have found that miRNAs are potential drug targets in cancer and other diseases (55, 56) . By scanning the sequence of the MOR1 3Ј-UTR, 24 more potential miRNA targets were predicted by RegRNA (http:// regrna.mbc.nctu.edu.tw/html/prediction.html) and 43 by microRNA.org (http://www.microrna.org/microrna/ getGeneForm.do). Our finding of a functional role for miRNA23b in this regard provides a novel direction for unraveling the molecular mechanisms involved in the development of opioid tolerance. It will expand the research on opioid receptors toward an area of study that largely has been ignored and facilitate our understanding of the complex mechanisms that regulate the expression of this important drug receptor.
